Eukaryotic cells respond to genotoxic stress by inducing cell growth arrest or apoptosis. Although the p53 tumor suppressor largely contributes to the response by regulating antiproliferative or pro-apoptotic genes, some genotoxic stresses including ultraviolet (UV) light induce apoptosis even in the absence of p53. The molecular mechanisms by which cells respond to UV in the p53-independent manner remain to be established. Here, we show that UV-induced stress promotes proteasomedependent degradation of Tob, triggering an apoptotic signal. We found that Tob with either short deletion or a tag sequence at the C terminus was resistant to UV-induced degradation. Introduction of the degradation-resistant Tob impaired UV-induced apoptosis. Reciprocally, suppression of Tob by small interfering RNA (siRNA) resulted in frequent induction of apoptosis irrespective of the presence of functional p53 even at UV doses that do not promote Tob degradation. Finally, tob-deficient (tob À/À ) mice and primary embryonic fibroblasts (MEFs) from tob
Introduction
In response to DNA damage, multiple signaling pathways are activated, which induce either cell growth arrest to repair DNA damage or programmed cell death to eliminate damaged cells (Zhou and Elledge, 2000) . One of the molecules controlling the response to DNA damage is the tumor suppressor p53. p53 induces transcription of a variety of genes that regulate cell growth and apoptosis (Vogelstein et al., 2000; Lavin and Gueven, 2006) . Nonetheless, accumulating data show that several chemical compounds and ultraviolet (UV) light induce cell cycle arrest or apoptosis regardless of the presence or absence of functional p53 (Saldeen et al., 2003; Zhang et al., 2003; Dornetshuber et al., 2007; Naik et al., 2008) . Clarification of the p53-independent mechanisms is especially important in the development or improvement of cancer therapy because many tumor cells have defects in the p53 gene. Although C-terminalbinding protein and Kruppel-like factors are known to modulate p53-independent apoptosis (Zhang et al., 2003; Wang et al., 2006; Zhao et al., 2008) , the precise molecular mechanism by which it participates in cellular response to UV-induced DNA damage remains to be established.
Release of cytochrome c from mitochondria into the cytosol is an important step in DNA damage-induced apoptosis (Wang, 2001; Norbury and Zhivotovsky, 2004) . Cytosolic cytochrome c binds to Apaf-1 and dATP, resulting in the formation of a multimeric Apaf-1 and cytochrome c complex (Li et al., 1997; Zou et al., 1997; Yoshida et al., 1998) . The complex sequentially activates initiator caspase 9 and executioner caspases, such as caspase 3. The executioner caspases subsequently cleave many important intracellular substrates Kuida et al., 1998; Woo et al., 1998) . The proapoptotic members of the Bcl-2 family, such as Bax and Bak, regulate cytochrome c release from mitochondria. In the absence of Bax and Bak, cells are resistant to apoptotic stimuli and the induction of apoptosis is blocked (Wei et al., 2001; Zong et al., 2001) indicating that these molecules play a critical role in the mitochondrial response to apoptotic signal. Although our understanding on the execution phase of the mitochondrial apoptotic pathway is accumulating, little is known about the molecular mechanism by which upstream DNA damage signals to the mitochondria.
Tob is a member of the Tob/BTG antiproliferative protein family, which has six members in mammals (Tirone, 2001) . Tob/BTG antiproliferative family proteins are implicated in a variety of cellular processes, such as cell proliferation, differentiation and DNA damage response. The antiproliferative activity of family proteins is important for cell cycle regulation, osteogenesis and tumorigenesis (Matsuda et al., 1996; Guardavaccaro et al., 2000; Yoshida et al., 2000; Suzuki et al., 2002; Boiko et al., 2006) . In contrast, the mechanism by which they participate in cellular responses to DNA damage is poorly understood. Although there are a few reports showing that the mRNA levels of some family members change in response to DNA damage (Rouault et al., 1996) , it remains unclear that how the protein products function in the cellular responses.
In this study, we examined possible involvement of the Tob in cellular response to UV-induced DNA damage. We found that clearance of Tob by proteasome-dependent degradation facilitates DNA damagedependent activation of Bax and subsequently caspase 3 irrespective of the presence or absence of p53. Our data suggest that Tob negatively regulates the induction of DNA damage-induced apoptosis.
Results

Degradation of Tob in response to UV irradiation
To determine whether Tob is involved in response to UV-induced DNA damage, we examined the effect of UV irradiation on Tob protein levels. We first irradiated HeLa cells with a wide range of UV doses. Tob levels were assessed by immunoblotting 8 h after irradiation. UV irradiation greater than 100 J/m 2 led to a sharp decline in Tob protein levels ( Figure 1a) . The level of a-tubulin did not change even after UV irradiation, indicating that Tob was specifically decreased after UV irradiation. UV irradiation also induced fragmentation of poly (ADP-ribose) polymerase (PARP), a marker of caspase-mediated proteolysis during apoptosis ( Figure 1a) . The correlation between the decrease in Tob protein levels and the cleavage of PARP after UV irradiation suggested a causal relation between downregulation of Tob and induction of apoptosis. We then examined the kinetics of the decrease in Tob after UV irradiation (200 J/m 2 ). The results showed that Tob was rapidly decreased and reached undetectable levels within a couple of hours. Activated forms of pro-apoptotic Bcl-2 family protein Bax as well as fragmentation of PARP appeared just after the loss of Tob (Figure 1b) . These data suggest that downregulation of Tob protein levels is prerequisite for activating the pro-apoptotic signaling pathway.
Next, we examined whether the decrease in Tob protein levels after UV irradiation is mediated by proteolytic degradation. When we pretreated HeLa cells with the proteasome inhibitor MG132 before UV irradiation, the UV-induced decrease in Tob protein was suppressed (Figure 1c) . We also observed UV-induced, proteasome-dependent degradation of Tob in other human cancer cells, such as Saos-2 and HCT116 cells (Figure 1c ). It should be noted that p53 status is different among these cells. p53 is inactivated in HeLa cells by human papilloma virus infection and is null mutated in Saos-2 cells. In contrast, p53 is functional in HCT116 cells. Therefore, we concluded that Tob undergoes a proteasome-dependent degradation after UV irradiation in a p53-independent manner.
Tob suppresses UV-induced apoptosis As UV-induced apoptosis occurred concomitantly with Tob degradation (Figure 1b) , we speculated that the stabilization of Tob may prevent UV-treated cells from undergoing apoptosis. To investigate the region in Tob necessary for its degradation, we expressed various Tob deletion mutants in Cos 7 cells (Figure 1e ). We found that C-terminal-truncated or -epitope-tagged Tob was resistant to UV-induced, proteasome-dependent degradation, whereas the other Tob deletion mutants as well as full-length Tob were degraded after UV irradiation (Figure 1d ). The data indicated that the C-terminal sequence of Tob participates in the mechanisms underlying UV-induced Tob degradation, as it is suggested by an earlier report (Sasajima et al., 2002) . We then prepared HeLa S3-Flag-tagged Tob (TobF) cells that stably expressed C-terminal TobF and examined the effect of TobF on UV-induced apoptosis. Consistent with the results of Figure 1d , UV irradiation did not induce degradation of TobF in HeLa S3-TobF cells (Figure 2b ). TdT-mediated dUTP nick end labeling (TUNEL) assay showed that very few HeLa S3-TobF cells, as compared with control HeLa S3 cells, underwent apoptosis after UV irradiation (200 J/m 2 ; Figure 2a ).
To address whether Tob is relevant to the UV-induced pro-apoptotic signaling pathway, we performed immunoblot analysis to examine the release of cytochrome c from mitochondria, activation of caspases and cleavage of PARP. As shown in Figure 2b , the expression of TobF in HeLa cells suppressed UV-induced cytochrome c release from mitochondria and the downstream pro-apoptotic events. Identical results were obtained by using HCT116 cells expressing degradation-resistant TobF (data not shown). These data suggest that Tob negatively regulates mitochondria-dependent pro-apoptotic pathway and subsequent apoptosis.
Increased UV-induced apoptosis in the absence of Tob To examine the relevance of endogenous Tob in UV-induced apoptotic cell death, we knocked down the Tob expression in HeLa cells by transfecting siRNAs. In the absence of UV irradiation, no obvious differences in cell viability were observed between cells that were transfected with Tob-specific or control siRNAs for at least 3 days after transfection. We treated both cells with UV irradiation with a dose that does not induce Tob degradation (35 J/m 2 ). As monitored by TUNEL assay, a large number of the Tob-depleted cells underwent apoptosis, whereas control siRNA-transfected cells did not (Figure 3a) . Furthermore, cytochrome c release from the mitochondria and the downstream pathway was induced in Tob-depleted cells, but very little in control cells after exposure to UV irradiation (35 J/m 2 ; Figure 3b ). These findings indicate that the UV-induced apoptosis in Tob-depleted cells was because of aberrant activation of the mitochondriadependent pro-apoptotic pathway. Indeed, treatment of Tob-depleted cells with the synthetic caspase inhibitor zVAD blocked UV-induced nuclear condensation, one of the characteristics of apoptosis (Figure 3c ). Consistent with the results, treatment of Tob-depleted cells with zVAD inhibited the cleavage of both PARP and caspase 3 that were otherwise observed after UV irradiation ( Figure 3d ). Figure 4b ). siRNA-mediated depletion of p53 slightly affected only the UV sensitivity of HCT116 and HepG2 cells both in the presence or in the absence of Tob. That is UV-induced cleavage of PARP and the activation of caspase 3 were reduced a little in HCT116 and HepG2 cells when depleted both Tob and p53 as compared with the cells in which Tob was singly depleted (Figure 4b ). These data suggest that cells undergo apoptosis much less frequently in the presence of Tob than in the absence of Tob upon UV irradiation, regardless of whether functional p53 is present or absent. Taken together, we conclude that Tob is associated with antiapoptotic activity. tob À/À MEFs and mice exhibit increased sensitivity to UV We next examined whether Tob also exhibits the antiapoptotic activity in noncancerous cells. TUNEL assay showed that, after exposure to UV irradiation (35 J/m 2 ), apoptosis was strongly induced in tob-deficient (tob ). Cell lysates were prepared at the indicated times after irradiation and analysed by immunoblotting. Anti-Tob blot shows that the amount of TobF was approximately fivefold higher than that of endogenous Tob. The asterisk and the arrow indicate the position of TobF and endogenous Tob, respectively. The release of cytochrome c (cyt. c) from mitochondria was analysed as described in the section Materials and methods. Anti-cytochrome c oxidase IV (Cox IV) blot and anti-a-tubulin blot are shown to identify mitochondriacontaining and cytosolic fractions, respectively.
Tob suppresses DNA damage-induced apoptosis T Suzuki et al than in UV-irradiated WT MEFs (Figure 5c ), indicating that apoptosis occurred more frequently in tob À/À MEFs than in WT MEFs after UV irradiation. Earlier reports showed that p53-deficient (p53 To further confirm the protective role of Tob against UV-induced apoptosis in vivo, we next exposed the shaved dorsal skin of mice to UV-B light. We found that apoptosis was induced more frequently in tob À/À mice than in WT mice (Figure 5d ). We did not detect apoptosis in the nonirradiated skin from either genotype (data not shown). As shown in Supplementary Figure 2 Tob suppresses DNA damage-induced apoptosis T Suzuki et al UV-B irradiation has similar effects on cultured cells as UV-C. On the basis of these findings, we concluded that Tob interferes against UV-induced apoptotic cell death.
Tob is not involved in UV-induced growth arrest
As Tob has an antiproliferative effect (Matsuda et al., 1996; Suzuki et al., 2002) , Tob may prevent UV-induced apoptosis by blocking progression of the cell cycle. To test this, we monitored bromodeoxyuridine (BrdU) incorporation after UV irradiation and found that UV irradiation (35 J/m 2 ) inhibited DNA synthesis to a similar extent in both WT and tob À/À MEFs. The results indicate that Tob is not involved in the UV-induced growth arrest (Figure 6a) . Therefore, Tob appears to be irrelevant to UV-induced cell cycle arrest. However, we cannot exclude the possibility that some other molecules compensate for Tob in promoting growth arrest.
The tumor suppressor p53 positively regulates the cellular response to genotoxic stress (Vogelstein et al., 2000; Lavin and Gueven, 2006) . Consistent with this, immunoblot analysis showed that UV irradiation caused stabilization or upregulation of p53 in HCT116 and HepG2 cells (Figure 4b ). UV irradiation-induced stabilization or upregulation of p53 was similarly seen in both WT and tob À/À MEFs (Figure 6b) . Moreover, northern analysis revealed a similar increase in expression of the p53 target gene p21 cip1 both in WT and in tob À/À MEFs (Figure 6b ). These results suggest that Tob deficiency does not alter the p53-dependent response to UV irradiation.
Discussion
DNA damage, induced by genotoxic stresses including UV irradiation, evokes cellular responses that include activation of stress signaling and DNA checkpoint modulation. These responses lead to proliferation arrest, damage repair and apoptosis, which enable the organisms to cope with the damage. On the basis of the following observations, we propose that Tob exerts antiapoptotic activity and that degradation of Tob by proteasomes is an integral part of UV-induced apoptosis. (1) High doses of UV irradiation induce Tob degradation and apoptosis. (2) Exogenously expressed Tob suppresses the pro-apoptotic pathway triggered by high doses of UV irradiation. (3) Low doses of UV irradiation induce a little Tob degradation or apoptosis. (4) Apoptosis is frequently detected in cells lacking Tob expression upon exposure to UV irradiation at low doses that do not normally promote Tob degradation.
Accumulating evidence shows that UV irradiation induces degradation of various cellular proteins. By activating the ubiquitin-proteasome system, cells induce degradation of certain proteins apparently to circumvent the severe consequences of UV-induced DNA damage. For example, UV-induced proteasomal degradation of the large subunit of RNA polymerase II results in cessation of global transcription to prevent disruption of the repair process (Ratner et al., 1998) .
Proteasomal degradation of p21
Cip1 and replication licensing factor Cdt1 upon UV irradiation is important, respectively, to promote DNA repair and to prevent Tob suppresses DNA damage-induced apoptosis T Suzuki et al cells from replicating their damaged DNA (Bendjennat et al., 2003; Kondo et al., 2004) . Furthermore, UV-induced proteasomal degradation of transcriptional corepressor C-terminal-binding protein affects a wide range of biological processes including promotion of apoptosis (Zhang et al., 2003) . We show in this report that high-dose UV induces proteasomal degradation of Tob and subsequent apoptosis. Therefore, proteasomal clearance of antiapoptotic molecules, such as Tob and C-terminal-binding protein, seems to be a critical event in triggering UV-induced apoptosis.
Tob is one of the targets of the SCF Skp2 ubiquitin ligase in the context of cell cycle progression (Hiramatsu et al., 2006) . After UV irradiation, SCF Skp2 is used to induce proteasomal degradation of several known target proteins, such as p21
Cip1 and Cdt1 (Bendjennat et al., 2003; Kondo et al., 2004) , suggesting that SCF Skp2 might also contribute to UV-induced Tob degradation. However, SCF Skp2 induces p21 Cip1 degradation at relatively low UV doses (20-30 J/m 2 ; Bendjennat et al., 2003) , whereas degradation of Tob is detected only after high doses (Figure 1a) . Therefore, the ubiquitin ligase Tob suppresses DNA damage-induced apoptosis T Suzuki et al responsible for Tob degradation at high-dose UV irradiation remains to be explored.
Many ubiquitin ligases recognize phosphorylated substrates as specific targets. A slow migrating form of Tob, which may correspond to a phosphorylated form, appears in response to high doses of UV ( Figures  1c and 2b) . As a Tob deletion mutant lacking amino acids 301-345 is resistant to UV-induced degradation (Figure 1d ), we speculate that the four serine residues present in this region may be phosphorylated so as to tag Tob for recognition by specific ubiquitin ligase(s). However, a Tob mutant in which all the four serine residues are substituted with alanines also undergoes UV-induced degradation (data not shown). Identification of UV-induced phosphorylation sites on Tob would help to identify the kinase involved and ubiquitin ligase system responsible for Tob degradation.
The p53 tumor suppressor is a central stress response protein, activated by multiple endogenous and environmental insults, including UV irradiation (Latonen and Laiho, 2006) . The p53-dependent apoptotic response to UV involves upregulation of pro-apoptotic genes, such as Bax and Noxa, and downregulation of antiapoptotic targets, such as Bcl-2. However, even in the absence of p53, UV irradiation can induce apoptosis. For example, the activation of JNK1 and HIPK2 can induce apoptosis, at least in part, by downregulating C-terminal-binding protein irrespective of the presence or absence of p53 (Zhang et al., 2003; Wang et al., 2006) . Similarly, our results show that UV irradiation induces ablation of Tob both in the presence and in the absence of p53 (Figure 1c) . Furthermore, Tob-depleted human cancer cells irrespective of p53 status are prone to apoptosis even with low-dose UV irradiation (Figures 3  and 4) . It should be noted that Tob depletion-dependent sensitization to UV appears to be affected, although very slightly, by additional depletion of p53 (Figure 4b) . Therefore, UV-induced apoptosis in the absence of Tob may involve molecules whose function is, at least in part, influenced by p53.
In contrast, the role of p53 in UV-induced response of MEFs is different from that of human cancer cells. MEFs and normal primary human cells lacking p53 undergo apoptosis after UV irradiation (El-Mahdy et al., 2000; Lackinger and Kaina, 2000; Smith et al., 2000; McKay et al., 2001; Tomicic et al., 2005) . Indeed, p53 À/À MEFs, unlike p53-depleted human cancer cells, are liable to induce apoptosis after UV irradiation (see Figure 4b and Supplementary Figure 1) . Furthermore, UV-induced apoptosis of MEFs is additively increased by simultaneous knock down of both tob and p53 genes, suggesting that UV-induced apoptosis is independently regulated by Tob and p53 in MEFs. It appears that Tob inactivation is responsible for UV-induced apoptosis in all the examined context, including the state of p53, of the cells, whereas roles of p53 are different between primary or noncancerous cells (MEFs, primary human fibroblasts and normal mammary epithelial cells) and cancer cells. In addition, the levels of Tob in HeLa cells and other human cancer cells are higher than those in MEFs, which may, at least in part, contribute to their resistance to UV. Therefore, the Tob inactivation pathway does not serve as backup system for p53 failure, but is rather essential for UVinduced apoptosis independent of p53 regulation.
How Tob exerts antiapoptotic activity in UVirradiated cells remains to be addressed. As Tob is involved in the transcriptional regulation of certain genes (Yoshida et al., 2000 (Yoshida et al., , 2003 , Tob may also regulate pro-apoptotic or antiapoptotic genes. However, . Cell lysates and total RNAs were prepared at the indicated times after UV irradiation. Immunoblotting (upper panel) and northern blot (lower panel) analysis were performed with the indicated antibody or probe. Ethidium bromide-stained gel is shown as loading control at the bottom (rRNA).
Tob suppresses DNA damage-induced apoptosis T Suzuki et al the two UV inducible genes, p21 cip1 and Noxa, are similar in mRNA levels and UV induction patterns between WT and tob À/À MEFs ( Figure 6 and data now shown). As Bax is activated immediately after UV-induced degradation of Tob (Figure 1b) , we speculate that Tob regulates the mitochondrial permeability by forming complexes with antiapoptotic or pro-apoptotic Bcl-2 family proteins. In this regard, it is noteworthy that a significant fraction of Tob is localized in the mitochondria (data not shown).
The growth of UV-irradiated cells is arrested regardless of the presence or absence of Tob (Figure 6 ). Thus, Tob is not responsible for UV-induced growth arrest, although it is associated with antiproliferative activity (Matsuda et al., 1996; Suzuki et al., 2002) . Instead, Tob is used to oppose apoptosis in the context of DNA damage responses. As DNA damage-induced apoptosis helps to remove cells that would otherwise accumulate potentially tumorigenic mutations, the increased apoptosis triggered by Tob disruption would lower tumorigenesis. Nevertheless, tob could function as tumor suppressor (Yoshida et al., 2003) . Whether the antiapoptotic effect of Tob also contributes toward tumor formation and UV-induced skin carcinogenesis is an important issue for further inquiry. It is possible that both apoptosis and cell proliferation might be elevated in the absence of Tob in vivo. Countervailing mutation of genes that promote apoptosis may be involved in tumor formation in combination with Tob deficiency. Further studies are needed to understand precisely the mechanism that underlies spontaneous tumor formation in tob À/À mice as well as the role of Tob on UV-induced skin carcinogenesis. Nevertheless, our present data argue that, in certain circumstances, downregulation of Tob or inhibitors of Tob could be used in a therapeutic setting to augment sensitivity to DNA-damaging drugs.
Materials and methods
Cell culture and reagents HeLa, MEF, HepG2 and Cos 7 cells were grown in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. Saos-2 and HCT116 cells were grown in RPMI with 10% fetal bovine serum. HeLa S3 cells, which stably express C-terminal TobF, were described earlier (Yoshida et al., 2003) .
Vectors and transfection
Tob expression vector and b-galactosidase expression vector were described earlier (Suzuki et al., 2002 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-cytochrome c oxidase IV antibody was from Abcam (Cambridge, UK). Anti-Tob polyclonal antibody and monoclonal antibody (4B1) were described earlier (Matsuda et al., 1996; Suzuki et al., 2002) . Immunoblots were probed with appropriate antibodies as described earlier (Suzuki et al., 2002) .
Irradiation and preparation of cell extracts Cells at 80% confluency were exposed to UV-C with a UV cross-linker (Agilent Technology, Santa Clara, CA, USA). High doses (100-200 J/m 2 ) of UV were used to destroy Tob proteins so that the effect of Tob on cellular UV response can be clarified. Cells were lysed with RIPA buffer (50 mM Hepes-NaOH, pH 7.5, 150 mM NaCl, 50 mM NaF, 4 mM EDTA, 1% Triton X-100, 0.1% SDS and 1 mM phenylmethylsulfonyl fluoride). To inhibit proteasome-dependent degradation, cells were pretreated with MG132 (40 mM, Peptide Institute, Osaka, Japan) for 2 h. To detect an activated Bax protein in cell lysates, cells were lysed with CHAPS buffer (25 mM Hepes-NaOH, pH 7.5, 150 mM NaCl and 1% CHAPS). Bax was immunoprecipitated from cell lysates with anti-Bax antibody (N-20) , and the immunoprecipitates were probed with anti-Bax antibody (6A7) at a 1:1000 dilution after SDS-polyacrylamide gel electrophoresis. To analyse the release of cytochrome c from mitochondria after UV irradiation, cells were lysed with phosphate-buffered saline (pH 7.4) containing 0.025% digitonin (Wako, Osaka, Japan) supplemented with protease inhibitors and then centrifuged at 15 000 Â g for 10 min at 4 1C. The supernatants and pellets were used as the cytosolic and mitochondria-containing fractions, respectively.
Detection of apoptosis
To detect a nuclear condensation, which is one of the characteristics of apoptotic cells, UV-irradiated cells were fixed with 4% paraformaldehyde in phosphate-buffered saline and subsequently stained with Hoechst33342. Apoptosis of UV-irradiated cells was detected by TUNEL reaction with the In situ Cell Death Detection Kit, Fluorescein (Roche) according to the manufacturer's protocol. To block UVinduced apoptosis, a synthetic caspase inhibitor, zVAD (50 mM, Peptide Institute) was added to the culture medium immediately after UV irradiation.
Analysis of cell survival
MEFs were irradiated with the indicated doses of UV and fixed with 100% ethanol for flow cytometric analysis 24 h after irradiation. The fixed cells were treated with Ribonuclease A (Sigma) and then stained with propidium iodide (Sigma). The percentages of cells with a sub-G1 DNA content were quantified with a FACS Calibur (BD Biosciences, San Jose, CA, USA).
UV irradiation of mice
Mice were shaved on the back with clippers and subsequently exposed to UV-B (1500 J/m 2 ) from four PLS9W/01 UVB lamps (Philips, Eindhoven, Netherland). Mice were killed 24 h after irradiation, and the dorsal skin was removed and fixed with 4% paraformaldehyde in phosphate-buffered saline. To detect apoptosis of epidermal and dermal cells, paraffinembedded skin sections were analysed by the TUNEL reaction.
BrdU incorporation analysis
Equal numbers of MEFs were plated on the cover glasses. On the next day, cells were irradiated with UV (35 J/m 2 ) and cultured for 24 h. BrdU was added to the culture medium for the last 2 h before fixation. The fixed cells were immunostained with anti-BrdU antibody as described earlier (Suzuki et al., 2002) .
